Group I introns are ribozymes (catalytic RNAs) that excise themselves from RNA primary transcripts by catalyzing two successive transesterification reactions. These cis-splicing ribozymes can be converted into trans-splicing ribozymes, which can modify the sequence of a separate substrate RNA, both in vitro and in vivo. Previous work on trans-splicing ribozymes has mostly focused on the 16S rRNA group I intron ribozyme from Tetrahymena thermophila. Here, we test the trans-splicing potential of the tRNA Ile group I intron ribozyme from the bacterium Azoarcus. This ribozyme is only half the size of the Tetrahymena ribozyme and folds faster into its active conformation in vitro. Our results showed that in vitro, the Azoarcus and Tetrahymena ribozymes favored the same set of splice sites on a substrate RNA. Both ribozymes showed the same trans-splicing efficiency when containing their individually optimized 5 ′ terminus. In contrast to the previously optimized 5 ′ -terminal design of the Tetrahymena ribozyme, the Azoarcus ribozyme was most efficient with a trans-splicing design that resembled the secondary structure context of the natural cis-splicing Azoarcus ribozyme, which includes base-pairing between the substrate 5 ′ portion and the ribozyme 3 ′ exon. These results suggested preferred trans-splicing interactions for the Azoarcus ribozyme under near-physiological in vitro conditions. Despite the high activity in vitro, however, the splicing efficiency of the Azoarcus ribozyme in Escherichia coli cells was significantly below that of the Tetrahymena ribozyme.
INTRODUCTION
Group I introns are catalytic RNAs (ribozymes) that do not require the spliceosome for their removal from primary transcripts. Instead, these ribozymes fold into catalytically active structures that undergo two successive transphosphorylation reactions, facilitating their own excision and the ligation of the two flanking exons (Kruger et al. 1982 ; for review, see Vicens and Cech 2006) . These natural cis-splicing ribozymes can be converted into trans-acting ribozymes by removing their 5 ′ exon and modifying the ribozyme 5 ′ terminus. In this format, trans-acting group I intron ribozymes can cleave a substrate RNA (Inoue et al. 1985) , insert or remove one or several nucleotides (Bell et al. 2002; Johnson et al. 2005) , replace the 3 ′ portion of the substrate RNA with the 3 ′ exon of the ribozyme (Inoue et al. 1985; Sullenger and Cech 1994) , or replace the 5 ′ portion of the substrate RNA with the 5 ′ exon of the ribozyme (Alexander et al. 2005) . These replacement reactions may be useful for therapeutic applications by either repairing the sequence of genetically mutated mRNAs (Sullenger and Cech 1994) or by inserting the coding sequence for a toxic peptide into substrate mRNAs that indicate a disease state Song and Lee 2006) . Most previous work has focused on the reaction that replaces the mRNA 3 ′ portion; this reaction is also the focus of the present study.
Trans-splicing group I intron ribozymes recognize the target site on the substrate RNA by base-pairing, forming the P1 helix with the ribozyme's 5 ′ terminus (Fig. 1) . The only sequence requirement in this helix is that a uracil at the splice site of the substrate is base-paired to a guanine in the ribozyme, the 5 ′ -terminal nucleotide of the internal guide sequence (IGS) (Doudna et al. 1989) . Factors that affect the efficiency of the trans-splicing reaction include the accessibility of the target site in the substrate RNA and the strength of the base-pairing interaction between ribozyme IGS and substrate RNA (Jones et al. 1996; Meluzzi et al. 2012) .
The efficiency of the trans-splicing reaction can be improved by increasing the substrate-ribozyme interaction via an extended guide sequence (EGS). The EGS is an elongation of the 5 ′ terminus of the trans-splicing ribozyme and has been tested on the group I intron ribozymes from Tetrahymena thermophila (subgroup IC1), Didymium (subgroup IE), and Fuligo (subgroup IC1) Byun et al. 2003; Fiskaa et al. 2006; Olson and Muller 2012) . Despite the improvements mediated by the EGS, the transsplicing efficiency remains a limiting factor for potential therapeutic applications of these ribozymes (Fiskaa and Birgisdottir 2010) . Notably, all of these previous studies employed the same EGS design principle, which was originally developed for the Tetrahymena ribozyme. Because different group I introns may prefer different EGSs, it may be possible to obtain higher trans-splicing efficiencies by optimizing the EGSs for ribozymes other than the Tetrahymena ribozyme.
To date, only four different group I introns have been tested for their trans-splicing potential replacing the substrate 3 ′ portion (Sullenger and Cech 1994; Lundblad et al. 2004; Fiskaa et al. 2006 ), compared to the more than 16,000 known group I introns (Zhou et al. 2008) . Of these four, the Tetrahymena ribozyme achieved the highest trans-splicing efficiencies in vitro, is understood at the most detailed biochemical level, and remains the only group I intron tested for mRNA repair / replacement trans-splicing in vivo (Michel and Westhof 1990; Lehnert et al. 1996; Kuo and Piccirilli 2001; Koduvayur and Woodson 2004; Shi et al. 2012) . Therefore, to achieve efficient trans-splicing, it is promising to analyze group I intron ribozymes from different species and identify specific designs that increase their respective trans-splicing efficiencies.
The group I intron ribozyme from Azoarcus BH72 is an attractive candidate for trans-splicing experiments. It belongs to the IC3 group I intron family and is located in the anticodon stem-loop of tRNA
Ile (Reinhold-Hurek and Shub 1992) . With a length of 205 nt, it is about twofold smaller than the Tetrahymena ribozyme (Fig. 1A,B) . The Azoarcus ribozyme folds into its active conformation faster than the Tetrahymena ribozyme in vitro (Russell and Herschlag 2001; Rangan et al. 2004; Mitra et al. 2011; Sinan et al. 2011) , and it can mediate trans-ligation reactions at high concentrations of magnesium, ribozyme, and at elevated temperature (Chowrira et al. 1993; Hayden and Lehman 2006; Burton and Lehman 2010) . The structure of the Azoarcus ribozyme is known at the highest detail of all group I intron ribozymes, for different stages of the splicing pathway (Adams et al. 2004a,b; Lipchock and Strobel 2008) . Due to its fast folding kinetics and its ability to react in trans, the Azoarcus ribozyme is a promising candidate to test its potential for trans-splicing under near-physiological in vitro conditions and in cells.
Here, we characterize the trans-splicing potential of the group I intron ribozyme from Azoarcus at near-physiological in vitro conditions and in Escherichia coli cells. The results show that in vitro, the Azoarcus ribozyme favors the same splice sites on a model substrate mRNA as the Tetrahymena ribozyme. When both ribozymes are designed with their preferred secondary structure interactions, they achieve similar trans-splicing efficiencies in vitro. Importantly, the favored secondary structure context of the Azoarcus ribozyme is different from that of previously established trans-splicing ribozymes and reflects the natural cis-splicing context of the Azoarcus ribozyme. These results suggested how the Azoarcus ribozyme could be used for trans-splicing reactions under near-physiological in vitro conditions. In E. coli cells, the trans-and cis-splicing activities of the Azoarcus ribozyme were significantly lower than the Tetrahymena ribozyme activities.
FIGURE 1. Secondary structure representations of trans-splicing group I intron ribozymes from (A) Tetrahymena and (B) Azoarcus. The 5 ′ terminus of the trans-splicing ribozymes (black) is truncated at or near the splice site G:U base pair (filled circle) such that the P1 helix (P1) is formed between the ribozyme 5 ′ terminus and the target site on the substrate (red). This helix is extended on the Azoarcus ribozyme construct by a P1 helix extension (P1ex) to facilitate a similar ribozymesubstrate complex stability as with the Tetrahymena ribozyme. A 5 ′ -terminal guanosine was added for better in vitro transcription yields. Filled triangles indicate the 5 ′ splice sites, whereas empty triangles denote the 3 ′ splice sites. Empty squares denote nucleotides that differ between splice sites. (C ) Schematic of a trans-splicing reaction. The colors for substrate and ribozyme 3 ′ exon are as in A and B, whereas sequences are denoted by solid lines (with the exception of the splice site G:U pair), and the ribozyme is denoted by a solid black line. During the trans-splicing reaction, the ribozyme 3 ′ exon (blue) replaces the 3 ′ portion of the substrate. To test whether the Azoarcus ribozyme could access the same splice sites as the Tetrahymena ribozyme, we determined the accessible splice sites on a model substrate mRNA, the chloramphenicol acetyl transferase (CAT ) mRNA. Splice sites were identified using an RT-PCR assay that specifically amplifies trans-splicing products from a reaction with ribozymes containing a randomized substrate recognition sequence (Jones et al. 1996) . The randomized substrate recognition sequence enabled the pool of ribozymes to splice at any accessible U in the substrate RNA because the phylogenetically conserved G•U pair in the P1 helix is the only requirement for ribozyme activity (Doudna et al. 1989) . The P1 helix of the Azoarcus ribozyme was elongated by 3 nt beyond the splice site such that both Azoarcus and Tetrahymnena ribozymes formed similarly stable six-base-pair P1 duplexes with the substrate (Fig.  1B) . After RT-PCR, cloning, and sequencing of trans-splicing products, the identified splice sites for 56 trans-splicing events of the Azoarcus ribozyme were mapped on the CAT mRNA and compared to 56 trans-splice sites of the Tetrahymena ribozyme, in experiments conducted side-by-side ( Fig. 2A ; Meluzzi et al. 2012) . Overall, the splice site patterns of the Azoarcus and Tetrahymena ribozymes were very similar. The region between position ∼200 and ∼400 reported few splicing events for both ribozymes. To identify additional splice sites in this region, we modified the assay by using a nested 5 ′ PCR primer ( Fig. 2A, gray symbols) . Comparison of all splice sites between both ribozymes showed no significant difference in the profile, suggesting that the Azoarcus and Tetrahymena ribozymes share the same splice site preference pattern.
The previous assay reported the pattern of favored splice sites but not the relative reaction efficiencies of both ribozymes. To estimate the relative efficiencies of the two transsplicing ribozymes, they were reacted at equimolar concentrations in the same reaction vessel, with an excess of CAT mRNA. Therefore, the number of splicing events detected for each ribozyme revealed the relative reaction efficiency of the two ribozymes (Fig. 2B) . The splicing products of the two ribozymes were discriminated by introducing a single point mutation into one of the ribozyme 3 ′ exons, 26 nt downstream from the splice site. Because this mutation became part of the product, the sequence of the trans-splicing products reported which of the two ribozymes had generated the product. Six representative splice sites were chosen, some of which were favored by the Tetrahymena ribozyme in the previous assay, whereas others were favored by Azoarcus ribozyme (see Supplemental Table S1 ). To target these six splice sites, the IGSs of the ribozymes had six specific sequences complementary to the six target sites on the CAT mRNA. After the trans-splicing reaction, reverse transcription, and cloning, 10-13 splicing products from each of the six reactions were sequenced. At all six splice sites, at least 10 sequences reported splicing at the targeted splice site (>80%), and at most two sequences (<20%) reported missplicing at a different splice site. For both ribozymes, a total of three mis-splicing events were detected, suggesting a similar, low error rate under these conditions (∼9%). Importantly, the Tetrahymena ribozyme gave rise to more splicing products than the Azoarcus ribozyme on all six tested splice sites (Fig. 2B ). This outcome was not due to the point mutation in the ribozyme 3 ′ exons because the result was the same when the point mutation in the ribozyme 3 ′ exon was switched between the ribozymes. These results indicated that the Tetrahymena ribozyme trans-spliced more efficiently than the Azoarcus ribozyme in the absence of optimized ribozyme-substrate contacts. Design of optimal ribozyme-substrate contacts for the Azoarcus ribozyme
The extended guide sequence (EGS) is an extension of the ribozyme 5 ′ terminus that can improve the trans-splicing efficiency and specificity. This was originally demonstrated with the group I intron ribozyme from Tetrahymena , where the optimal design of the EGS includes an extension of the P1 helix by 2-4 base pairs (P1 extension), followed by an internal loop and a duplex with at least 5 base pairs between the ribozyme 5
′ terminus and the substrate RNA. The internal loop region of the EGS may also form a P10 duplex with the 3 ′ exon, which can benefit the transsplicing efficiency ( Fig. 3A ; Köhler et al. 1999; Byun et al. 2003; Olson and Muller 2012) . Subsequent studies found that this "classical design" also increases the transsplicing efficiencies of the group I introns from Fuligo and Didymium Fiskaa et al. 2006) . To test whether the "classical design" of ribozyme-substrate contacts also increases the trans-splicing efficiency of the Azoarcus ribozyme, we generated Azoarcus and Tetrahymena ribozyme variants that formed a P1 extension, an internal loop, and a 5 ′ duplex (Supplemental Fig. S1 ). Because the formation of a P10 duplex does not always increase transsplicing efficiency (Olson and Muller 2012), we tested several constructs for each ribozyme and splice site with either a strong, a weak, or no predicted P10 duplex. Three splice sites were tested on the CAT mRNA (sites 97, 177, and 258, with position 1 being the A of the AUG start codon) to reduce a possible bias from the choice of splice sites. These variations in splice site, P10 duplex, and P1 extension length generated seven reaction contexts for each of the two ribozymes. Three of the seven Tetrahymena ribozyme constructs gave by far the highest trans-splicing efficiency, with a conversion of ∼20% substrate to product, all on splice site 258 (Fig. 3B) . In contrast, the three most efficient reactions of the Azoarcus ribozyme achieved efficiencies only up to 7%. The low efficiency of trans-splicing with all Azoarcus ribozyme constructs compared to the Tetrahymena ribozyme constructs suggested that the "classical design" was not well suited for the Azoarcus ribozyme.
An alternative design for trans-splicing Azoarcus ribozymes is a simple elongation of the P1 duplex past the splice site, termed the P1 extension (Fig. 4A) . We expected that the length of this P1 extension had an optimum because lengthening the P1 extensions would not only increase the strength of the ribozyme-substrate duplex but would also reduce the splice site specificity (Herschlag 1991) and may prevent conformational changes of the ribozyme between the two catalytic steps of splicing (Cech 1990 ). To test this design principle and identify optimal P1 extension lengths, we analyzed a total of 32 Azoarcus ribozyme constructs with P1 extension lengths between 3 and 63 base pairs, at the three splice sites 97, 177, or 258 (Fig. 4B) . Again, none of these constructs exceeded a trans-splicing efficiency of 7%. Although there was no clear optimal length of the P1 extension, the most robust trans-splicing appeared at a P1 length of 16-18 base pairs, where all constructs had a trans-splicing efficiency between 3.5% and 7%. Because these efficiencies were significantly below the trans-splicing efficiencies achieved with the classic design principle on the Tetrahymena ribozyme, these ′ radiolabeled trans-splicing products separated by denaturing 5% polyacrylamide gel electrophoresis. The targeted splice site (97, 177, or 258) and the designed number of base pairs (bp) in the P10 helix (bp in P10) are indicated on top of the autoradiogram. The side of the autoradiogram indicates the size of markers in the first and last lane (M), which correspond to full-length CAT mRNA substrate (Sub), the expected trans-splicing product (Prod), and the 5 ′ fragments produced by the first step of splicing (5 ′ -Frag), at splice sites 97, 177, and 258. The length of the trans-splicing products is the same for all splice sites because the length of the ribozyme 3 ′ exons was covaried with the splice sites. The quantitations of trans-splicing efficiencies are shown below the autoradiogram, as percentage of substrate converted to product. Columns for the Azoarcus ribozyme (white) and the Tetrahymena ribozymes (gray) are in the same order as the lanes in the autoradiogram. Error bars denote standard deviations from three experiments.
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In a third design, we tested whether trans-splicing Azoarcus ribozymes would benefit from a secondary structure context similar to their native structural context near the splicing junction, the anticodon stem of tRNA Ile ( Fig. 5A ; ReinholdHurek and Shub 1992; Adams et al. 2004a; Rangan et al. 2004 ). This anticodon stem contains five base pairs between the 5 ′ exon and the 3 ′ exon, 3 nt distant from the 5 ′ and 3 ′ splice site, respectively. In the context of trans-splicing Azoarcus ribozymes, this means that a sequence in the 3 ′ exon of the ribozyme needs to form base pairs with the 5 ′ portion of the substrate. In addition to the anticodon stem, the natural cis-splicing context of the Azoarcus ribozyme also forms a P1 extension helix before the first step of splicing (Adams et al. 2004a) . Because the optimal length of the P1 extension helix for the trans-splicing reaction was unclear, three to four different P1 extension lengths were tested for each splice site (97, 177, 258) . The choice of these P1 extension lengths was based on the highest efficiency in the previous experiment, with a preference for short P1 extensions (Fig. 4B) . Satisfyingly, two of the 11 constructs resulted in trans-splicing efficiencies of ∼20%, similar to the best transsplicing efficiencies of the Tetrahymena ribozyme with the "classical design" (Fig. 3B ). This suggested that the "anticodon stem design" is a promising strategy to improve transsplicing by the Azoarcus ribozyme. Because both the Tetrahymena ribozyme with the "classical EGS" and the Azoarcus ribozyme with the "anticodon stem design" showed high activity for only one splice site (see Figs. 3B , 5B), we suspected that the sequences flanking the splice sites might inhibit trans-splicing on other splice sites, which has been observed for the Tetrahymena ribozyme (Meluzzi et al. 2012 ). This inhibition could have been masking the general trend that the Azoarcus ribozyme favors the "anticodon stem design." To test the "anticodon stem design" for trans-splicing Azoarcus ribozymes without interference from flanking sequences, the trans-splicing reactions were repeated with short substrate RNAs (30 nt) and short ribozyme 3 ′ exons (10 nt) (Supplemental Fig. S3 ). The three short substrate RNAs that were used corresponded to the three splice sites tested on the full-length RNAs (97, 177, and 258). These RNAs were long enough to establish the structural elements used by all three design principles (P1 extensions, internal loops, 5 ′ duplexes, P10 duplexes, anticodon stems) but short enough to minimize potentially inhibitory secondary structure formation with the flanking sequences. For each of the three substrates and for each of the three design principles, two ribozyme constructs were chosen that showed the highest trans-splicing 3  7  9  11  15  18  21  25  34  44  62  4  6  10  12  16  19  23  35  45  63  3  7  10  13  15  18  20  25  34  44 efficiency with full-length CAT mRNA substrates and whose P1 extension lengths were short enough to fit on the short substrates. In general, the trans-splicing efficiencies were higher with these short substrates than with the full-length CAT mRNA, confirming that the flanking sequences reduced the trans-splicing efficiency on the full-length constructs ( Fig.  6 ; cf. to efficiencies in Figs 3-5) . Importantly, the "anticodon stem design" generally resulted in the highest trans-splicing efficiencies (Fig. 6) . Specifically, all six constructs with the "anticodon stem design" showed efficiencies of 19%-82%, whereas only 2/6 constructs mediated efficiencies above 4% for both the "classic design" and "P1 extension design." In only one case did the "classical design" generate a higher trans-splicing efficiency than the "anticodon stem design." This specific construct (splice site 177, P10 length of three base pairs) had an advantage over all other constructs because it was previously optimized by an in vivo selection procedure . Note that on each splice site, the two "P1 extension" constructs had the same length of the P1 extension as in the two "anticodon stem" constructs. Comparison between these six pairs of constructs confirmed the beneficial effect of the anticodon stem interaction. Together, these results confirmed that the "anticodon stem design" is the design of choice for transsplicing Azoarcus ribozymes.
In vivo activity of the Azoarcus ribozyme in E. coli cells
The efficiency of trans-splicing Azoarcus ribozymes in E. coli cells was tested by expressing them from plasmids that encoded the trans-splicing ribozyme construct and its substrate, the chloramphenicol acetyl transferase (CAT) mRNA. The CAT mRNA was inactivated by a frameshift mutation and the ribozyme 3 ′ exon was designed to repair this mutation, such that only cells expressing an efficient trans-splicing ribozyme were able to grow on medium containing chloramphenicol . Despite testing more than 20 constructs covering all design principles described in the in vitro portion of this study, no trans-splicing Azoarcus ribozyme facilitated growth on medium containing chloramphenicol (data not shown). In contrast, the Tetrahymena ribozyme with the "classical design" mediated efficient growth. To quantify the trans-splicing efficiency in cells, we measured the abundance of spliced CAT mRNA using an RT-qPCR assay (data not shown). The results paralleled the observed chloramphenicol resistance phenotypes: In E. coli cells the trans-splicing efficiency of the Tetrahymena ribozyme using the "classical" EGS was ∼10%, whereas it was <0.1% for all Azoarcus ribozyme constructs tested.
To identify the cause for the low in vivo efficiency of the Azoarcus ribozyme, several cis-splicing constructs of Azoarcus and Tetrahymena ribozymes were designed and tested for activity in E. coli cells (Fig. 7) . Four of these constructs expressed CAT pre-mRNAs with the respective ribozymes inserted at splice sites 97, 177, or 258. The Tetrahymena ribozyme was inserted only at splice site 177 as a positive control. Only the Tetrahymena ribozyme construct mediated chloramphenicol resistance of E. coli cells, whereas none of the Azoarcus ribozyme constructs did. Quantitation of the cis-splicing efficiency by RT-qPCR confirmed the observed Trans-splicing with the Azoarcus ribozyme www.rnajournal.org 207 chloramphenicol resistance phenotype, showing that ∼60% of the pre-mRNAs containing the Tetrahymena ribozyme were converted to product, whereas <2% of the premRNAs containing the Azoarcus ribozyme were spliced (Fig. 7, top four constructs) . In vitro, however, the same cis-splicing Azoarcus ribozyme constructs that were inactive in cells, were similarly active as the Tetrahymena ribozyme (Supplemental Fig. S4 ). The low activity of the Azoarcus ribozyme in E. coli did not seem to be caused by a higher RNA turnover rate because the total CAT pre-mRNA levels as measured by RT-qPCR were at least 2.5-fold higher than with the Tetrahymena ribozyme constructs. Cis-splicing Azoarcus ribozyme constructs also failed to mediate chloramphenicol resistance in E. coli cells at elevated growth temperatures of 40°C and 42°C, closer to the optimal temperature of the Azoarcus ribozyme (Tanner and Cech 1996; Kuo et al. 1999) . Similarly, no chloramphenicol resistance was seen when the E. coli growth medium was supplemented with 5 mM magnesium ions, the same concentration that led to efficient cis-and trans-splicing in vitro. These results indicated that the low trans-splicing activity of Azoarcus ribozymes in E. coli cells was not due to their trans-splicing context or increased turnover.
To test whether the native flanking sequences of the Azoarcus ribozyme could facilitate Azoarcus ribozyme activity in E. coli cells, the construct CisAzoCAT_177 was modified by positioning the two halves of the complete 79-nt-long native tRNA
Ile sequence (Rangan et al. 2004) at the flanks of the Azoarcus ribozyme, thereby replacing the corresponding CAT sequence (Fig. 7 , construct CisAzoCAT_tRNA). No significant cis-splicing activity was detected in E. coli cells by RTqPCR. Because the Azoarcus ribozyme is naturally expressed as a noncoding RNA, we tested whether the translational apparatus in E. coli interfered with cis-splicing activity. To do that, the ribosome binding site and the start codon were mutated (construct CisAzoCAT_tRNA -RBS). Again, no significant activity was detected. The remaining CAT sequence was removed to test whether the exons of the CAT mRNA inhibited the Azoarcus ribozyme in E. coli cells (construct CisAzo_tRNA). Here, the cis-splicing efficiency of the Azoarcus ribozyme construct reached 3.8%, the highest in vivo activity of the Azoarcus ribozyme found in this study. When the promoter of this construct was changed from its constitutive promoter to the IPTG-inducible trc1 promoter (construct CisAzo_tRNA_T1), the cis-splicing activity dropped to ∼1% (the total CAT pre-mRNA level was increased ninefold with the trc1 promoter). This raised the possibility that the transcription complex itself might in fluence the activity of the cis-splicing Azoarcus ribozyme. In summary, the most significant hint as to why the Azoarcus ribozyme was inefficient in E. coli cells came from the comparison of different sequence environments for the cis-splicing construct, where the cis-splicing efficiency in E. coli cells varied by ∼200-fold between different sequence contexts (0.018%-3.8%), and the highest efficiency in the sequence context was closest to its natural environment in pre-tRNA Ile .
DISCUSSION
In this study we explored the trans-splicing properties of the Azoarcus group I intron ribozyme. In the absence of a 5 ′ -terminal extended guide sequence (EGS) the ribozyme favored the same splice sites as the Tetrahymena ribozyme on a given substrate mRNA in vitro. Although none of the 1  7  18  7  18  5  3  6  16  6  16  3  0  15  18  15 18 Bp in P10, P1ex FIGURE 6. Comparison of all three designs for the in vitro trans-splicing efficiency with the Azoarcus ribozyme on short substrates (30 nt) and short ribozyme 3 ′ exons (10 nt). For secondary structure schematics of all individual constructs see Supplemental Figure S3 . Shown is an autoradiogram of 5 ′ radiolabeled trans-splicing products separated by denaturing polyacrylamide gel electrophoresis. The targeted splice sites and the ribozyme designs are indicated on top of the autoradiogram. Ribozyme designs were the classical design (Class.), the P1 extension design (P1ex), and the anticodon stem design (Antic.). For each design the number of base pairs in the P10 helix (classic design) or the P1 extension (P1ex design and Antic. design) are indicated. For each splice site, the lane on the left shows unreacted substrate and the lane on the right shows an alkaline hydrolysis ladder. The position of full-length substrate (Sub), the expected trans-splicing product (Prod), and the 5 ′ fragments produced by the first step of splicing (5 ′ -Frag), are indicated on the left. The length of the trans-splicing products is the same for all splice sites because the location of the splice site is the same on all short substrates. Note that the 5 ′ fragments (12 nt) migrate corresponding to a length of 13-14 nt because they contain a 3 ′ hydroxyl terminus, whereas all other labeled RNAs carry a 2 ′ -3 ′ cyclic phosphate at their 3 ′ terminus, due to their synthesis method. Note that the 5 ′ fragments at splice site 258 are shifted up relative to those of splice sites 97 and 177, and that the trans-splicing products with the anticodon stem design are shifted up relative to the other two designs, due to a higher purine content in their sequence. The quantitations of trans-splicing efficiencies are shown below the autoradiogram, as percentage of substrate converted to product. The scale is larger than in Figures 3-5 due to the higher trans-splicing efficiency with short substrates. Error bars denote standard deviations from three experiments.
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RNA, Vol. 20, No. 2 "classical design" constructs worked well for the Azoarcus ribozyme on the full-length mRNA substrate, we found that a different design, which mimicked the natural cis-splicing context of the Azoarcus ribozyme (the anticodon stem of tRNA Ile ), led to improved trans-splicing efficiencies in vitro, as high as the Tetrahymena ribozyme. In contrast, the efficiency in E. coli cells of cis-and trans-splicing Azoarcus ribozymes was much lower than those of the Tetrahymena ribozyme.
The accessibility of splice sites on our model substrate, CAT mRNA, was similar between trans-splicing Azoarcus and Tetrahymena ribozymes (Fig. 2) . This was consistent with a previous, less extensive comparison of splice site accessibility on a different mRNA substrate between the group I intron ribozymes from Tetrahymena and the myxomycetes Fuligo and Didymium (Fiskaa et al. 2006) . Here, the three ribozymes also recognized mostly the same splice sites.
When the substrate-ribozyme interactions were optimized for the Azoarcus ribozyme constructs, they achieved similar in vitro trans-splicing efficiencies as the best Tetrahymena ribozyme constructs on the full-length CAT mRNA (cf. Figs.  3B and 5B, respectively). The results suggested that the Azoarcus ribozyme preferred a different design principle than the Tetrahymena ribozyme. The Tetrahymena ribozyme achieved up to ∼20% trans-splicing efficiency on full-length CAT mRNA with the "classical design," which includes a short P1 extension, an internal loop that may form a P10 helix, and a 5 ′ duplex with the substrate ( Fig. 3 ; Köhler et al. 1999; Byun et al. 2003; Einvik et al. 2004; Lundblad et al. 2004; Olson and Muller 2012) . The Azoarcus ribozyme also achieved up to ∼20% trans-splicing efficiency but with the "anticodon stem design" (Fig.  5) . This design mimicked the native secondary structure environment of the cis-splicing Azoarcus ribozyme in the anticodon stem-loop of tRNA Ile , and outperformed two other tested design principles on the short substrate RNAs (Fig. 6) . A similar finding was made for the Anabaena group I intron ribozyme, where the anticodon stem also stabilized the very short P1 helix and possibly also prevented the formation of inhibitory interactions in a cis-splicing context (Zaug et al. 1993) . The failure of the P1 extension and classical designs to mediate efficient splicing indicated that the Azoarcus ribozyme, like the Anabaena ribozyme, required specific additional contacts immediately adjacent to the splice site. These contacts, comprising the anticodon stem, were not present in either the P1 extension or classical design principles (cf. Figs. 3A, 4A, 5A). These results suggested a more general framework for designing efficient trans-splicing ribozymes from group I introns from different species: No single design at the splice site works well for all trans-splicing group I intron ribozymes. Instead, the secondary structure designs for group I intron ribozymes from different species should try to mimic the natural secondary structure context of each ribozyme.
The in vitro trans-splicing conditions of this study had two important differences from the trans-reaction conditions of previous in vitro studies with the Azoarcus ribozyme. Previous studies used high Mg 2+ concentrations (10-100 mM) and high temperature (48°C-60°C, with the optimum around 60°C) (Chowrira et al. 1993 (Chowrira et al. , 1995 Tanner and Cech 1996; Kuo et al. 1999; Chauhan et al. 2005; Hayden et al. 2005; Sinan et al. 2011) . Under these conditions, the Azoarcus ribozyme is able to catalyze an impressive variety of transreactions. By repetitively splicing a substrate the Azoarcus ribozyme can cause an effect like RNA polymerization (Chowrira et al. 1993 (Chowrira et al. , 1995 . By trans-ligating RNA oligomers the Azoarcus ribozyme can create active ribozymes from inactive ribozyme fragments (Hayden et al. 2005) . The latter even allows for the covalent self-assembly of ribozymes from four different fragments (Hayden and Lehman 2006) . Cis-splicing efficiency of ribozyme constructs in E. coli cells. The name of each construct is given on the left, a schematic representation of the construct is given in the middle, and the observed cis-splicing efficiencies, measured by RT-qPCR, are given on the right. The names of the constructs ("Cis…") include the ribozyme ("Tet" for Tetrahymena, and "Azo" for Azoarcus), the sequence flanking the ribozyme (CAT, CAT_tRNA, and tRNA), the splice site in the CAT mRNA contexts (177, 97, 258) , the mutation inactivation of the ribosomal binding site and the start codon (-RBS) and the use of a different promoter (T1). Note that the three constructs CisAzoCAT_97, CisAzoCAT_177, and CisAzoCAT_258 contained mutations in their 3 ′ exon immediately downstream from the 3 ′ splice site to facilitate anticodon stem interactions; the construct CisAzoCAT_97 additionally contained mutations in the P1 loop to generate a P10 helix. For more details on these designs see Supplemental Figure S4 . The schematics include the promoter (gray or black boxes with angled arrow), the ribosome-binding site and start codon (RBS and AUG; black triangles), the CAT exons (orange), the ribozymes (green), the flanking tRNA Ile sequences (blue), and transcription terminators (purple). A second blue box indicates an extended pre-tRNA Ile context. The position of each element in the pre-mRNA is given on a scale below the schematics, relative to the transcription start site. Note that the numbering of splice sites (97, 177, 258) was from the AUG start codon instead. The percentage of cis-spliced mRNA is given on the right, with errors as standard errors from three biological replicates.
Trans-splicing with the Azoarcus ribozyme www.rnajournal.org 209 and the spontaneous emergence of self-replicating sets from pools of ribozyme fragments with randomized substrate recognition sequences (Vaidya et al. 2012) . In contrast, our study aimed to find designs for Azoarcus ribozymes that allowed for efficient trans-splicing at near-physiological magnesium concentrations (5 mM) and temperature (37°C).
Our results identified such a design, described above. This design can now be used for trans-splicing reactions with the Azoarcus ribozyme under near-physiological in vitro conditions.
The trans-splicing efficiencies of Azoarcus ribozyme constructs in E. coli cells were much lower than the trans-splicing efficiencies of Tetrahymena ribozymes in E. coli cells of 1%-10% (Sullenger and Cech 1994; Olson and Muller 2012) and this study. Similarly, no cis-splicing Azoarcus ribozyme construct mediated chloramphenicol resistance in E. coli cells or achieved cis-splicing efficiencies above 5%, whereas a cis-splicing Tetrahymena ribozyme construct mediated chloramphenicol resistance and achieved ∼60% cissplicing efficiency in cells (Fig. 7) . For the Azoarcus ribozyme constructs, the 200-fold variation of cis-splicing efficiencies between different flanking sequences (0.018%-3.8%) suggested that the Azoarcus ribozyme was quite sensitive to flanking sequences in E. coli cells, whereas the same constructs were much less sensitive to flanking sequences in vitro (Supplemental Fig. S4) .
The Azoarcus ribozyme's increased sensitivity to flanking sequences in E. coli could have been mediated by a number of different factors in the E. coli cellular environment, including (1) factors associated with the transcription complex, (2) RNA chaperones, and (3) RNA-binding proteins. First, the fourfold effect of different RNA polymerase promoters on cis-splicing efficiency (Fig. 7 , cf. constructs CisAzo_tRNA and CisAzo_tRNA_T1) hinted that different factors interacting with the transcription complex in E. coli might have influenced the cotranscriptional folding such that portions of the Azoarcus ribozyme would be more prone to interactions with its flanking sequences. Second, one of the many RNA chaperones in E. coli cells (Semrad 2011 ) such as S12 (Coetzee et al. 1994) , and StpA (Waldsich et al. 2002) could have unfolded portions of the Azoarcus ribozyme to make them accessible to inhibitory interactions with the flanking sequences. Third, proteins that bind to the group I intron ribozymes such as the tRNA-binding tyrosyl-tRNA synthetase Cyt-18 from Neurospora crassa (Akins and Lambowitz 1987; Caprara et al. 1996) , CBP2 from S.cerevisiae (Weeks and Cech 1995) , or I-AniI from Aspergillus nidulans (Solem et al. 2002) could have stabilized the Azoarcus ribozyme in a conformation that would be prone to interact with the flanking sequences. Although the studies cited above investigated protein interactions that increase group I intron activity, the same proteins could have inhibited the Azoarcus ribozyme because specific proteins can increase or decrease group I intron splicing efficiency depending on the identity of the group I intron ribozyme (Vicens et al. 2008) . It is currently unclear which, if any, of the three discussed possibilities made the Azoarcus ribozyme more susceptible to interference from flanking sequences in E. coli cells.
MATERIALS AND METHODS
Plasmids and sequences
The sequence for the Azoarcus ribozyme (GenBank DQ103524.1) was custom synthesized (Genscript) and used as PCR template for subsequent cloning steps. The sequence encoding the chloramphenicol acetyltransferase (CAT ) was derived from the plasmid pLysS (Invitrogen), including its constitutive promoter. The assay for the identification of splice site preferences on the CAT mRNA used ribozyme 3 ′ exons that were the first 57 nucleotides of the same α-mannosidase sequence used previously (Fiskaa et al. 2006; Meluzzi et al. 2012) . Constructs were cloned into the plasmid pUC19 and sequenced. Exceptions were variants of the 5 ′ EGS sequence for in vitro splicing reactions and partially randomized pools for the identification of accessible splice sites on CAT mRNA to add the ribozyme 5 ′ terminus NNNGNN (for Azoarcus) and GNNNNN (for Tetrahymena). In these cases, the ribozyme 5 ′ terminus was modified during PCR by using 5 ′ PCR primers that carried the modified sequence, to generate the templates for transcription. The ribozyme 3 ′ exons for CAT mRNA repair at splice sites 97, 177, and 258 were added to the ribozyme sequences by introducing restriction sites near the 3 ′ splice site (BsrGI for splice site 97 and 258; EcoRI for splice site 177) and ligating the PCR products of both fragments appended with the same restriction sites. Introduction of the restriction sites required mutations in the 3 ′ exon that were silent with exception of splice site 177, where EcoRI was already present in CAT sequence. The resulting 3 ′ exon sequences are shown in Supplemental Table S2 . To generate the cis-splicing constructs, the ribozyme 5 ′ exon sequences were linked to the ribozyme sequences by PCR of the two fragments with two 5 ′ phosphorylated primers and blunt end ligation. The promoter driving the expression of trans-splicing ribozymes in E. coli, trc1, was a down-regulated version of the trc promoter as described previously , whereas the cis-splicing ribozymes used the promoter of CAT in the plasmid pLysS. The frameshift inactivation of the CAT gene for all in vivo experiments was a deletion of nucleotide 322 downstream from the translation start site, generated by site-directed mutagenesis.
RNAs for in vitro experiments
All RNAs for in vitro trans-splicing experiments were prepared essentially as described previously (Milligan et al. 1987; Meluzzi et al. 2012) , by in vitro runoff transcription with T7 RNA polymerase. Template DNA was generated by PCR and transcribed by T7 RNA polymerase for 60 min at 37°C in 40 mM Tris/HCl pH 7.9, 2.5 mM spermidine, 26 mM MgCl 2 , 5 mM DTT, 0.01% Triton X-100, and 2 mM of each NTP. For some trans-splicing ribozyme constructs, the incubation time was reduced to 30 min to reduce self-cleavage at the 3 ′ splice site. Transcription reactions for cissplicing constructs were performed with only 6 mM MgCl 2 and 2 mM Spermidine (Michel et al. 1992) , [α- 32 P]UTP for 1.5 h at 37°C to reduce self-cleavage. Ribozymes containing truncated 
